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Année 2022-2023
“Biais li¢s au sexe dans la susceptibilité aux maladies:
causes geénetiques et épigénétiques”

Cours I - Introduction : les maladies ont-elles un sexe ? 6 mars

Cours II - Biais liés au sexe : comment distinguer les effets dus aux
chromosomes sexuels, hormones ou mode de vie ? 13 mars

Cours III - L’impact de I’expression des genes liés aux chromosomes
X nactif et Y sur les différences entre les sexes. 20 mars

Cours IV - L’importance de la régulation du dosage des genes sur le
chromosome X dans la susceptibilit¢ a certaines maladies. 27 mars

Colloque — en lien avec le sujet du cours, le 21 avril, 2023
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CHAIRE EPIGENETIQUE ET MEMOIRE CELLULAIRE

Année 2022-2023
“Biais li¢s au sexe dans la susceptibilité aux maladies:
causes geénetiques et épigénétiques”

6 mars, 2023

Cours I

Introduction : les maladies ont-elles un sexe ?
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Exploring the origins of sex bias in human disease:

Female and male health throughout history
(very brief overview)

What is biological sex?

How is it genetically and/or environmentally
established?

Sexual dimorphism and the many levels we
understand today

Considerations about gender and biological
sex

Implications for human health

La chute de I'homme
Cornelis Cornelisz van Haarlem, 1592
(Rijksmuseum d'Amsterdam)
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Diseases of Women in Ancient History

The wondering womb...

From ancient Egypt and Greece, the ailments of women were almost always attributed to the uterus

The Kahun Gynaecological Papyrus (Petrie Medical Papyrus, Kahun Medical Papyrus,
Lahun Medical Papyrus, or UC32057) is the oldest known medical text in Egypt

Examination of a woman whose eyes are aching till she cannot see, on
top of aches in her neck:

You should say of it 'it is discharges of the womb in her eyes".

You should treat it by fumigating her with incense and fresh oil,
fumigating her womb with it, and fumigating her eyes with goose leg fat.
You should have her eat a fresh ass liver

Examination of a woman who is ill from her womb wandering
You should say of it 'what do you smell?’

If she tells you 'l smell roasting' ‘ Vi :
You should say of it 'it is wrappings (?) of the womb' N LD T weoou savns proes 1a.
You should treat it by fumigating her with whatever she smells as roast’

www.ucl.ac.uk/museums-static/digitalegypt/med/birthpapyrus.html
Examination of a woman aching in her molars, her front, and her ears so
much that she hears no word
You should say of it 'it is terrors of the womb'.
You should treat it with the same prescription used for removing detritus
of the womb

Dated circa 1800 BCE
Found at El-Lahun (Faiyum, Egypt)
Currently in Museum of University College London, UK
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Diseases of Women in Ancient History

The Wondering WOmb Hippocrates (460-377 BC) taught that the womb

wandered around in a woman's body, causing disease
as a consequence of its impact on other tissues.

For the ancient Greeks, the womb was the
source of all ailments

Aristotle held that a woman was a “deformed” or
“mutilated” male “

Plato in the Timaeus, defined the female uterus
as “an animal eager to procreate.” “If it remains
without producing fruit for a long time,” added
the philosopher, “it becomes irritated and angry;
it wanders throughout the body, closes the
passage to the air, prevents breathing, puts the
body in extreme danger, and engenders a
thousand diseases.”

Hulton Archive/Getty Images

The Wandering Womb: A Cultural History of Outrageous Beliefs About Women
Lana Thompson 1999

E. Heard, March 612023



Diseases of Women in History

The wondering womb

The Greek physician Galen wrote that "the
man is more perfect than the woman, [who
is] less perfect than the man in respect to
the generative parts." He proposed that the
uterus was an interior scrotum

He noted that while the womb may seem to
be moving, it’s actually the tension of the
membranes that hold it in place that pull it
up slightly. The problem, he claimed, was
the “suffocation” of the womb by a build up
of menstrual blood or, even worse, the
female version of “seed” that mixed with
male sperm. Retained seed would proceed
to rot and produce vapors that corrupt the
other organs.

For the single woman suffering from
hysteria, the cure was simple: marriage,
followed by children.

Physicians prescribed all kinds of treatments for a wayward womb. Eg
sweet-smelling vaginal suppositories and fumigations to tempt the uterus
back to its rightful place. The Greek physician Atreaus wrote that the
womb “delights...in fragrant smells and advances towards them; and it has
an aversion to foetid smells, and flees from them.” Women were also
advised to ingest disgusting substances—sometimes containing repulsive
ingredients such as human or animal excrement—in order to coax the
womb away from the lungs and heart.

In some cases, physical force was used to correct the position of

a wandering womb.

52, Seconp POSITION.

The masseur gradually assuming an crect position as the uterns is forced up .
(Reibmayr:) (: () L L E (} E
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Diseases of Women in History

D) o A WONDERFUL HEALER'SRS
7l $T ‘

@@// * HERE IS HEALTH

The womb as the cause of psychological dysfunction

. Dy
Medieval medical practitioners believed the uterus to :

THROUGH 7w Magh /Qal""mcllﬂ.!
be a distinctly female organ that caused a host of ey MASSAGE % »
Paticate wiest » comfortable place fur this fit Ths pablesd wseally ccins ve o jar '; >

specifically female diseases. b ety A o Tk s b

"The uterus is called also matrix because it is the
mother of all," wrote John Moir in 1620.

In the 1700s, the theorized cause of hysteria began
to shift from the womb to the brain. they were very
much to blame for the ostensible irrationality of S

women. Over the course of several thousand years, Pl tha s omer & basln wad poar wator et Ju Uty 156 hebd nd chast

45 1 b0 gatient Sccumes chilly and revives,  Never zsy anyihing Sat cald watar fur
e hyeteronl Ot aolem the parly Leen rey oold, Whes you shoald dscostinge @,

the womb had become less and less of a way to | nd sl v e the S e Vo o mppied o thres o, b 84
explain physical ailments, and more and more of a
way to explain psychological dysfunction.

Even through to the 19 century, countless cures for
haywire wombs were peddled including hypnosis,
blasting a woman’s abdomen with jets of water...

E. Heard, March 62023 o



Diseases of Women from Ancient History to Modern times

UNWELL
WOMEN

MISDIAGNOSIS AND
MYTH IN A MAN-MADE WORLD

The Wandering Womb: A Cultural History of Outrageous Beliefs About
Women, Lana Thompson 1999

E. Heard, March 612023

Exploring the Biological
Contributions to
Human Health
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Man and Woman : a Study of Human Secondary Sexual Characters

MAN AND WOMAN:
VoYV A
A STUDY OF HUMAN SECONDARY
SEXUAL CHARACTERS.

ny

HAVELOCK ELLIS.
[SECOND EDITION.]
ILLUSTRATED,

LONDON:
WALTER SCOTT, LIMITED,
PATERNOSTER SQUARE.

1897,

PREFACE.

—

ABOUT twelve years ago, for my own instruction, |
began to collect definite data concerning the con-
stitutional differences between men and women, |
was moved to do this because I realised that such
differences lie at the root of many social questions
in which I took great interest, and I knew of no
full and unprejudiced statement of the precise facts.
I have continued to collect, sift, and ponder over
my data for some years after I had satisfied myself
personally as to their general significance and drift,
because I believe that there are many men and
women who are in the same position as I was
twelve years ago, and who will welcome this book

as I should have welcomed it at that time. When
1 look into newspapers and magazines, and observe
the reckless or ignorant statements that are still
made regarding these matters, I am strengthened
in my beliefl To the best of my ability I have
herc presented an anthropological and psychological
study of those sccondary sexual differences which
recent investigation has shown to exist among
civilised human races.

CONTENTS.

—.—

CHAPTER L
raGe

INTRODUCTION - - - - - - 1

The Primitive Sexual Division of Labour—Man chicfly Militant,
Woman chiefly Industrial—Among Savage Races Women not
Inferior to Men—The Industries of Women gradually shared
and then monopolised by Men—The Status of Women in
Barbarism—The Medizval Attitude towards Women, and its
Causes — The Physiological Mystery of Womanhood — The
Modern Status of Woman. ? -

CHAPTER 1L

ITow TO ArrroACi THE PROBLEM . . . - 18
The Definition of St dary Sexual Ch: Tertiary Sexaal
Ch Standards of Compari ‘The Infantile and the

Senile —The Human Characteristics of Infant Apes— The
Position of the Lower Human Races—Fallacies due to Incom-
plete Data and to Bias—I of our Knowled

CHAPTER III.

Tue GrowTH AND PrororTIONS OF THE Bony - -3
General Characteristics of the Male and Female Forms—Size at Birth
—Greater Develop [ Girlsat Puberty—S ifMe
in Height of Adults—Weight comparatively unimportant—

Ellis H. “Man and woman: a study of human secondary sexual COLLEGE
characters” vol. 24. London: Walter Scott; 1911. DE Fﬁﬁ\oNCE
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What is Biological Sex?

Biological sex, strictly defined means the “gametic” sex
and not secondary sexual characteristics, although the
definition has drifted in recent years

Many species including humans have two, distinct
biological sexes, distinguished by the way that they
package their DNA into ‘gametes’ : the sex cells that
merge to make a new organism.

Males produce small mobile gametes, females produce
large and generally immobile gametes.

Male and female gametes are very different in structure,
as well as in size (human sperm and eggs, worms, flies,
fish, molluscs, trees, grasses etc)

Different species manifest the two sexes in different ways
Different species determine sex in different ways

1862 ‘We do not even in the least know the final cause of sexuality;
why new beings should be produced by the union of the two

sexual elements, instead of by a process of parthenogenesis . . .
The whole subject is as yet hidden in darkness’.

— C. R. Darwin
J. Proc. Linn. Soc. (Botany) 6, 77-96
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Anisogamy, or the size differences of gametes (sex cells), is in fact
the defining feature of the two sexes.

According to evolutionary biologist, Michael Majerus there is no
other universal difference between males and females
# COLLEGE
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https://www.sciencedirect.com/referencework/9780128130827/encyclopedia-of-ocean-sciences

Sexual Reproduction and Anisogamy (in humans)

Sexual Reproduction:

. . > >
e The mixing of genomes via and the N | 1]
fusion of gametes, at fertilisation

a8 '@
 Nearly universal to eukaryotic life X @

* Encompasses a diverse array of systems ‘,' ;‘:i ‘ f @w@ @@@
and mechanisms e I / N ‘f N ¢ 5 <
’ i 18 ‘ g!@
Offspring with a new e Nl N (4 / . @h@
ndunaveriae | o) | TR
?:ogrgrj[ewté)cdrinf?::gftl 4 ."l . N _ Genetic variation produced
y recombination
(male and female) sex |
cells. :
Wm N = N
\ Gametes
: (sperm and egg cells)
' V4
2N . Meiosis
Zygote

The process results in 4 daughter cells
- daughter cells are haploid (N)
- have unique combinations of
chromosomes

« . - do not have homologous pairs
Voir COURS 12018 josis =

Meiosis => gametes (sperm and eggs)

(fertilized egg)



Sex Determination

Multiple Strategies: genetic and non-genetic

Non-genetic (ie no DNA sequence difference between the sexes)
can be environmental, temperature-dependent, epigenetic...

Genetic
Sex determining locus or loci — can lead to evolution of sex

chromosomes

Mixed: genetic and non-genetic or even epigenetic
Sex chromosomes and environmental sex determination

Eg many fish, plants...

Males and females can exist in the same organism (hermaphrodites eg
plants, worms and many others) or as separate organisms (eg mammals)

While the evolution of anisogamy led to the evolution of male and female
functions, the evolution of separate sexes is not inevitable across lineages.

M COLLEGE
¥ % DE FRANCE
1530
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There are many ways to evolve sex determination

Voir COURS | 2018

e Sexual reproduction is an ancient
feature of life on earth

e Sex determination of males and
females occurs via a diversity of
mechanisms, evolving rapidly

* However - diversity in primary sex-
determining signals is coupled with
conserved molecular pathways that
trigger male or female development.

E. Heard, March 612023 Bachtrog lab, Plos Genet 2014
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Human Sex Determination

In humans, sex is determined by the sex chromosomes (XX
females, XY males).

They originated from a set of autosomes during the early
evolution of mammals.

Restriction of recombination followed by gene loss on the Y
resulted in the morphological differentiation of sex chromosomes
(COURS 2018)

The vast majority of genes on the sex chromosomes are not
directly involved in sex determination, and development as a
(gametic) male or female depends on the presence/absence of a
master sex-determining locus, the Sry gene, on the male-limited Y
chromosome.

See COURS II 2023

E. Heard, March 62023

H uman
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How the Y chromosome determines sex. sox: /
The SRY gene, located on the Y chromosome, is the Mouse
primary determinant of sexual development. \ XY 19

That is, if a developing embryo has a functional SRY
gene in its cells, it will develop as a male. And, if there
is no functional SRY, the embryo develops as female.
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Human Sex Chromosomes

)9 ebg 8? 6% m «g X‘B “ “6 \1‘5 50n}i|lionbas§pairs

4 aji w Bog 8% wh KE AR 5

6 9 10 6 8 10

38 A6 b 40 4d 8% &3 A8 oF Aa

112 13 14 15 112 13 14 15

CLIE T A BE BE A% BE xux

16 17 18 19 20 16 17 18 19 20 X: >1000 genes
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21 2 Xy ™ 21 22 XX Sry (testis determinant factor)

Eif2s3y (spermatogenesis)

Humans normally have 46 chromosomes: 23 pairs, one set from each parent

Plus 1 pair of sex chromosomes, the X and the Y or the inactive X and the active X

The other chromosomes are numbered 1-22

A person with 2 X chromosomes (46, XX) is considered female

A person with an X and a Y (46, XY) is considered male

The sex chromosomes lead to dramatic differences in gene content and expression

To accommodate this imbalance, dosage compensation mechanisms have evolved
X-chromosome inactivation is the process that leads to silencing of almost all genes on
one X in individuals with more than one X

Sex chromosomes evolve as a consequence of sexual reproduction (enabling sex
determination and gonad differentiation)

However their genes also influences non-gonadal tissues with imilications for diseases

153 million base pairs




Mammalian X-chromosome i1nactivation

Essential process of sex chromosome dosage compensation and a paradigm of epigenetics
Differential expression of almost all genes on one of the two X chromosomes in females
A significant no.of genes on the Xi can escape silencing, leading to variations in protein dosage
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( ) Females are mosaic: for X-linked traits
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Escape from XCI in females: an added layer of cellular mosaicism in
X-linked gene expression

In humans, up to 25% of X-linked genes can
escape from X inactivation!

Human

<
o
=
7
m

GPM6B ) = 1810030007Rik
o 7 R — { } D

10% of these escape constitutively
15% of these genes show variability between
individuals — and tissue specificity

Kdméa

EIF253

CXORF38
DDX3X ”
KDMB6A |

KDM5C

X-inactivation profile reveals
extensive variability in X-linked
gene expression in females

Carrel and Willard (2005) Nature 434, 400-404

IPX

Eif2s3x
Jpx

Il

* Escape may underlie sex chromosome dosage effects in several sex-biased

diseases (metabolic, immune and neurological phenotypes, cancer) =
* Some escapees are clearly implicated in triggering these disease
* Some escapees provide therapeutic potential (eg MecpZ2 in Rett’s syndrome)

Kdm5c

Gpméb

Balaton et al., Trends in Genetics 2016.
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Human Sex Determination

Expression of Sry early in embryonic development initiates testis
differentiation by activating male-specific developmental
networks, while in its absence, ovaries develop.

The first visible signs of sexual differentiation of the ovary and
testis occur by the sixth week of gestation in humans and sex
hormones initiate further sexual differentiation in nongonadal
tissues and organs. When this developmental process is disrupted,
this can lead to ambiguous external genitalia (up to one in 4,500
infants) to sterility (which is more cryptic and difficult to diagnose
but more common).

E. Heard, March 62023

FEMALE MALE
e AT -
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FIGURE 3-1 From genotype to phenotype: a diagrammatic representation of
human sex determination and differentiation. Intrinsic or extrinsic factors ad-
versely affecting any stage of these processes can lead to anomalies of sex. Source:
Grumbach and Conte (1998, Figure 29-28, p. 1329). Reprinted, with permission,
from M. M. Grumbach and F. A. Conte. 1998. In: Williams Textbook of Endocrinolo-
8y, 9th ed. J. D. Wilson, D. W. Foster, H. M. Kronenberg, and P. R. Larsen, eds.
Philadelphia: W. B. Saunders Co. Copyright by W. B. Saunders Company, Phila-
delphia.



Primary Sex Determination

MALE Sex DETERMINATION
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NB It is not the primordial germ cells which respond to SRY presence

or absence, but the supporting cells within the developing gonad.

Kenichi Kashimada, Peter Koopman
E. Heard, January 29th, 2018 Development 2010 137: 3921-3930; doi: 10.1242/de



Primary Sex Determination mapped at the single cell level

Article

Single-cell roadmap of human gonadal
development
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Gonadal development is a complex process that involves sex determination followed
by divergent maturation into either testes or ovaries'. Historically, limited tissue
accessibility, alack of reliable in vitro models and critical differences between
humans and mice have hampered our knowledge of human gonadogenesis, despite
itsimportance in gonadal conditions and infertility. Here, we generated a
comprehensive map of first- and second-trimester human gonads using a
combination of single-cell and spatial transcriptomics, chromatin accessibility
assays and fluorescent microscopy. We extracted human-specific regulatory
programmes that control the development of germline and somatic cell lineages by
profiling equivalent developmental stages in mice. In both species, we define the
somatic cell states present at the time of sex specification, including the bipotent
early supporting population that, in males, upregulates the testis-determining factor
SRY and sPAX8s, agonadal lineage located at the gonadal-mesonephricinterface. In
females, we resolve the cellular and molecular events that give rise to the first and
second waves of granulosa cells that compartmentalize the developing ovary to
modulate germ cell differentiation. In males, we identify human SIGLEC15" and
TREM?2' fetal testicular macrophages, which signal to somatic cells outside and inside
the developing testis cords, respectively. This study provides acomprehensive
spatiotemporal map of human and mouse gonadal differentiation, which can guide
in vitro gonadogenesis.

Luz Garcla-Alonso™™, Valentina Lorenzi*®, Cecllla Icoresi Mazzeo', Jodo Pedro Alves Lopes®,

- Grarulosa cells ' Human—mouse harmonized
Oooyte single-cell atlases of gonadal
Ovary 009 /{00 and extragonadal tissue

a . ;
Qbéoe -*5 ! ‘é&wrm-. ©
& & i
I o aE
Coel Epi GATA. PTIP T SRS
p'ESCé,,g?e..o.--- o 3;3
PeGC-1{- - @c®- - -00e s . - .« . ce®
ot 5 ot SOOI -4 R
PreGC-lib 990 - - - -2 o@0se-0Ho-0
-XY R s e+ @@ Ho -
b wé;ggéw-s-wﬂ&:—&éé g,!s
SEREEER3 e T3z B
M §§é*‘&~'§,8«t§3 ~§°§§ =
(&) o
PCW 56 7 8 8 101112131415161718192021 Mean exprossion Percentage of oslis Mean A e
i - c0oQ ° @
Gonddm?fomm : E E H 0 05 10 maome'o!o 0 05 10 1'0503’0
Suddem:ﬁ:m | : : .
‘ 1
f’tegmruoudlemhummmmm
: 'Inmnm'drmnﬂs Flfculogencsis
ScATAC-seq T 2
scANA-seq 4 12 8 4 2
Muitioms e B B R 1
I | J 1 | I
| |
Se«oﬁdilecpmmhmtw&wds - '
: ) MW‘#M"“
scATAC-seq 1 1 : ; 2
scANA-saq 3 4 6 : 8 i 3
Multioms TS S U | 1
‘ndonors X X '




Human Sex Determination

Three levels of Sexual Development:

1 — Chromosomal sex (presence/absence of a Y
chromosome

2 - Gonadal sex (primary sex determination):
whether the gonads develop as testes or
ovaries depends on presence or absence of SRY
3 — Phenotypic sex (secondary sex
determination) which refers to an individual's
sex as determined by their internal and
external genitalia, expression of secondary sex
characteristics, and behavior.

E. Heard, March 62023
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LH and FSH trigger
testosterone production
in the testes and
estrogen production

in the ovaries.

©

Beginning at approximately
age 8, the hypothalamus
increases its production

of gonadotropin-releasing
hormone (GnRH).

(2) GnRH triggers the

anterior pituitary to
release luteinizing

hormone (LH) and
follicle-stimulating

hormone (FSH).

@ Before puberty, the

hypothalamus and pituitary are
very sensitive to negative
feedback signals from
testosterone and estrogen.
During puberty, the sensitivity
of the hypothalamus and
pituitary to this negative
feedback decreases to levels
typically seen in aduits. This
change allows an increase in
the production of testosterone
and estrogen that stimulates
the development of secondary
sex characteristics.

| Spermatogenesis |

Male Secondary Sex
Characteristics:

« Penis and scrotum grow

« Facial hair grows

« Larynx elongates, lowering voice
» Shoulders broaden

= Body, armpit, and pubic hair grow
» Musculature increases body-wide

Female Secondary Sex
Characteristics:

« Breasts develop and mature
« Hips broaden

« Pubic hair grows

| Folliculogenesis |
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Sex Determination and Sexual Differentiation

Bipotential gonads from fetal primordial mesodermal cells

XY

Male differentiation initiated

by
SRY gene on Y chromaosome >

Undifferentiated gonads form testes

XX

SRY gene not present, normal
female genes present

Testosterone >

Undifferentiated gonads form ovaries

Stimulates the wolffian
structures {vas deferens,
seminal vesicles, epididym

Antimullerian
hormone

is)

<: No antimillerian
hormone

4 v A 4
Testosterone canverted to Suppresses development Development of uterus,
dihydrotestosterone in the of uterus, fallopian tubes, fallopian tubes, and upper

skin of external genitalia

and upper vagina

vagina

v

Masculinization of external genitalia

E. Heard, March 62023

h 4

Follicles produce estrogen and progesterone
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Gonadal sex phenotype can switch even in adulthood

switched even in adulthood.

Recent studies in mice have provided evidence that it is possible for the gonadal sex phenotype to be

* Two key genes, doublesex and mad-3 related transcription factor 1 (Dmrt1) and forkhead box L2 (FoxI2),
function in a Yin and Yang relationship to maintain the fates of testes or ovaries in adult mammals

* Mutations in either gene have a dramatic effect on gonadal phenotype (female to male sex reversal in
adult Dmrt1 Tg mouse; in humans, deletion of Ch9p with Dmrt1->XY male-to-female sex reversal.

* Thus, adult gonad maintenance in addition to fetal sex determination may both be important for fertility.

Male

Female

XY chromosome
with Y genes

Sry (TDF)

[
medulla
Om
/¥/ testis

MRF (Mullerian '
Regression
Factor; Testosterone (Leydig
Sertoli Cells)
Cells) '

immature

) 4 male genitalia

5a-Dihydro- +

Testosterone external sex
characteristics

E. Heard, January 29th, 2018 il DReRORES

XX chromosome

Genetic, Gametic,
Chromosomal Sex
No Sry

|
cortex

o { Gonadal Sex
ovary

l Phenotypic Sex

immature
female genitalia Internal

+ &

external sex
characteristics External

f

Estradiol + Progesterone

* Behavioral &
Metabolic Sex
adult phenotype
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Gonadal sex phenotype can switch even in adulthood

@@ V tinoic acid

xy O o XX 9

Delicate balance between male and female signaling pathways during sex
development both in embryogenesis and adult

Lifelong antagonistic signaling pathways occurring throughout the adult life

of both sexes have not yet been fully characterized OLLEGE

DE FRANCE
1530




Non-gonadal tissue sex phenotypes

Arthur P. Arnold (UCLA)

I Zygotic inequality of XX vs. XY sex chromosomes J

.

Sex differences in
X and Y gene expression in all cells

!

Sexual differentiation of gonads ‘
Divergent effects of gonadal hormones

!

Sex differences in all tissues
Interaction of diverse orthogonal sex-biasing pathways

E. Heard, March 62023

Rethinking sex determination
of non-gonadal tissues

Arthur P. Arnold*

Department of Integrative Biology & Physiology, Laboratory of Neuroendocrinology of the Brain
Research Institute, University of California, Los Angeles, CA, United States
*Corresponding author: e-mail address: amold@ucla.edu

“From the moment of our conception, each of us has a sex. Sex has a major role in determining the
physical attributes of our bodies, the structure of our brains, our behavioral tendencies, our
susceptibility and reaction to diseases, the environment in which we grow up, our place in society,
the attitudes of others towards us, and our conception of self. Although sex may be considered to be
determined primarily biologically, our gender (i.e. the social perception and implications of our sex)
is arguably equally or more important for our lives. Sex and gender differences are created by an
intricate reciprocal interaction of numerous biological and environmental forces.”

AP Arnold 2010

For the last 50 years, students have been taught that outside the gonads — where sperm and eggs
are produced — cells with XX and XY pairs are functionally equivalent because there is nothing on
the X or Y chromosome that acts outside the testes. They’ve been taught that hormones secreted by
the testes and the ovaries, where eggs are produced, are entirely responsible for making the body
more masculine or feminine.

However we now know that there are intrinsic biochemical differences between XX and XY cells that
affect tissues and organs across the entire body and have a significant impact independent of sex
hormones. And medical practitioners must understand these differences to properly treat their

patients.
N Dnno 72N1A



Non-gonadal tissue sex phenotypes

|
xx :&“-{)ﬂ
[—
"N N
H_E_N
Male ;;6—“*: —
Female
Four Core Genotypes

E. Heard, March 62023

Rethinking sex determination
of non-gonadal tissues

Arthur P. Arnold*

Department of Integrative Biology & Physiology, Laboratory of Neuroendocrinology of the Brain
Research Institute, University of California, Los Angeles, CA, United States
*Corresponding author: e-mail address: amold@ucla.edu

In species with heteromorphic sex chromosomes, the sex of the individual is established at the time of
formation of the zygote, leading to inherent sex differences in expression of sex chromosome genes
beginning as soon as the embryonic transcriptome is activated.

The inequality of sex chromosome gene expression causes sexual differentiation of the gonads and of non-
gonadal tissues.

The difference in gonad type in turn causes lifelong differences in gonadal hormones, which interact with
unequal effects of X and Y genes acting within cells.

Separating the effects of gonadal hormones and sex chromosomes is possible using animal models in which
gonadal determination is separated from the sex chromosomes, allowing comparison of XX and XY mice

with the same type of gonad.

Sex differences caused by gonadal hormones and sex chromosomes affect basic physiology and disease
mechanisms in most or all tissues.
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The impact of sex on gene expression across tissues

Many complex human phenotypes exhibit sex differentiated
characteristics.

The molecular mechanisms underlying these differences
remain largely unknown.

A catalog of sex differences in gene expression and in the
genetic regulation of gene expression across 44 human tissue
sources surveyed by the Genotype-Tissue Expression project
(GTEx, v8 release).

Sex influences gene expression levels and cellular composition
of tissue samples across the human body.

A total of 37% of all genes exhibit sex-biased expression in at
least one tissue.

Identifed cis expression quantitative trait loci (eQTLs) with sex-
differentiated effects and characterized their cellular origin.
lintegrating sex-biased eQTLs with genome-wide association
study data, we identify 58 gene-trait associations that are
driven by genetic regulation of gene expression in a single sex.
These findings provide an extensive characterization of sex
differences in the human transcriptome and its genetic
regulation.

Sex biases in biological
processes and pathways

Male

Sex-biased eQTL
mediation by cellular
abundances

Expression

Sex biases in
transcriptional regulation
T
Sex-biased e -~ od "
gene expression
Qi
LIS Y J
o a (
Sex-biased eQTLs
S
id Q3.4
b B
| g 4d
TT AT AA TT AT AA
00 ® ”
S §
=AY
* ‘% '§ ~ —eQTL Female
* ;i* * i 8| 0 0\ OWAs Sex biases
L I / in gene-trait
TT AT AA TT AT AA Chr [Mb] association

* Sex affects gene expression and its genetic regulation across tissues.
* Sex effects on gene expression were measured in 44 GTEx human tissue sources and
integrated with genotypes of 838 subjects.
* Sex-biased expression is present in numerous biological pathways and is associated
to sex-differentiated transcriptional regulation.
* Sex-biased expression quantitative trait loci in cis (sex-biased eQTLs) are partially
mediated by cellular abundances and reveal gene trait associations.

E. Heard, March 612023

Oliva et al., Science 369, 1331 (2020)

Number of sex-biased genes (LFSR < 0.05)
1000 2000 3000 4000 5000
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Biological Sex and Gender Definitions

The terms “sex” and “gender” are used inconsistently and
interchangeably in research on health.

Sex refers to the biological distinctions between males and
females, most often in connection with reproductive functions.
Gender emphasizes the socially constructed differences between
men and women that give rise to masculinity and femininity.
Intersex traits seem to affect between 1% and 2% of humans at
birth.

Millions of individuals do not conform to the two “sexes” or
types that characterize the immense majority of humans, namely
the female type (two X chromosomes, ovaries, anatomical
features favoring pregnancy and fetal development etc) and the
male type (one X and one Y chromosome, a penis and testicles,
internal ducts for the transportation of urine and sperm etc.).
The diversity of forms of sexual development and the atypical
types that occur are striking, whether of chromosomal,
hormonal or environmental origin (caused by chemical products
that disturb the endocrine system or by drugs taken during
pregnancy, for instance).

See “How Many Sexes Are There?
E. Heard, March 612023 P Testard Vaillant (CNRS
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Biological Sex and Gender Definitions

The term gender can be applied to individual differences,
as well as to cultural, institutional, structural differences.

In the 1970s, feminist scholars promoted use of the term
gender to draw attention to the reality that not all
differences between men and women could be explained
by biology.

This distinction allowed scholars to counter academic and
popular portrayals of the differences between men and
women as natural, and by extension, immutable.

Biomedical and social scientists are increasingly calling
binary biological sex into question, arguing that sex is a
graded spectrum rather than a binary trait. The current
uses of the term Biological Sex can thus be confusing!

Oxford English Dictionary: sex "tends now to refer to
biological differences, while gender often refers to cultural
or social ones.”

World Health Organization (WHO): "'sex' refers to the
biological and physiological characteristics that define
men and women" and that "'male' and 'female' are sex
categories"

E. Heard, March 612023
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Biological Sex and Gender Definitions
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(Nature 518, 288-291; 2015).

The idea that there are more than two biological sexes

is not as recent as you imply (Vature 518, 288-291; 2015). It
emerged in the early 1990s after feminist critics of science joined forces with an
intersex activist movement. Their aim was to prevent reinforcement of the artificial
two-sex construct by reforming the practice of surgical intervention (see, for
example, A. Fausto-Sterling The Sciences 33, 20-24 (1993) and S. J. Kessler Lessons
from the Intersexed Rutgers Univ. Press, 1998).

These groups pointed out that science is not isolated from society: ideas that
stimulate understanding travel into the lab from street activists, literature and
varied scholarship, and move back out again. As a result of their efforts, research
scientists were pushed into visualizing the previously invisible.

Anne Fausto-Sterling Brown University, Providence, Rhode Island, USA.

anne_ fausto-sterling@brown.edu

Sex is real: Yes, there are just two
biological sexes. No, this doesn't mean
every living thing is either one or the other
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FACTORS THAT
DETERMINE SEX
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PUBERTY
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and external
genital structures

Female hormones
(primanily
estrogen);

The Gender Spectrum

| Slight variations

and external

A transgender woman is a person who was

assigned male at hirth based on her anatomy

but who identifies as a woman,

A cisgender woman is a person who was
assigned female at birth based on her
anatomy and who also identifies as a woman.

SRY gene

may be present

A nonbinary person is someone who
identifies as neither completely female
nor completely male, Such an
individual may identify with both
genders or neither gender, or they may
be gender fluid, meaning their gender
fluctuates between female and male.

CYPZt

gene mutation

Blevated levels of
male hormones

A transgender man is a person who was
assigned female at birth based on his
anatormy but who identifies as a man,

A cisgender man is a person who was
assigned male at birth based on his
anatomy and who also identifies as a man.
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5-alpha reductase deficiency
is an intersex condition that can
follow multiple pathways throughout
development. Affected individuals have a
chromosomsal makeup of 46XY, like a typical
biological male, but a genetic mutation causes a
deficiency of the hormone diydrotestosterone.
Patients' external anatomy can vary, so an
individual might be assigned to either sex at birth,
but at puberty a surge of testosterone promotes
male characteristics. As a result, patients
who are raised as girls often end
up identifying as male.
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Biological Sex and Gender Definitions

Common terms used in gender medicine

Blological sex. Either of the two main categories (male and female)
into which humans and most other species are classified on the basis
of their reproductive functions, sex chromosomes, sex hormones,
gonads and genitals.

Intersex. Describes individuals born with biological sex characteristics,
including chromosome patterns, gonads or genitals, that do not fit
typical binary notions of male or female bodies.

Gender. Refers to the socially constructed roles, behaviours,
expressions and identities of girls, boys, women, men and gender-
diverse people. Gender is neither binary nor fixed. Gender has four
dimensions,
* Gender roles: behavioural norms that a society or culture
designates as typically masculine or feminine.
* Gender identity: a person’s inner sense of self as a woman, man or
as adiverse gender.
« Gender relations: refer to how we interact with or are treated by
people in the world around us on the basis of our ascribed gender.

E. Heard, March 612023

« Institutionalized gender: reflects the distribution of power
between genders in the political, educational and social
institutions in society.

Cisgender. Refers to people whose gender identity corresponds
to the sex they were assigned at birth.

Gender dysphorla. The feeling of discomfort or distress occurring
when gender identity differs from biological sex.

Transgender. Describes individuals with a gender identity that does
not match the sex they were assigned at birth.

Cross-sex hormone therapy or gender-affirming hormone therapy.
Hormone therapy involving the administration of sex hormones

and other hormonal medications in transgender or gender non-
conforming individuals for the purpose of more closely aligning
their secondary sexual characteristics with their gender

identity.
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THINK AGAIN

Insights & Perspectives

Biological sex is binary, even though there is a rainbow of sex
roles

Denying biological sex is anthropocentric and promotes species chauvinism

Wolfgang Goymann®® | Henrik Brumm? | Peter M. Kappeler®*

“While we fully endorse efforts to create a
more inclusive environment for gender-
diverse people, this does not require denying
biological sex. On the contrary, the rejection
of biological sex seems to be based on a lack
of knowledge about evolution and it
champions species chauvinism, inasmuch as
it imposes human identity notions on
millions of other species. We argue that the
biological definition of the sexes remains
central to recognising the diversity of life.
Humans with their unique combination of
biological sex and gender are different from
non human animals and plants in this
respect. “
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Biological Sex and Gender

Sex (biological factors)

X chromosome:

~1,500 genes, including
genes related to heart,
brain and immune
function

Y chromosome:

<100 genes, including
genes related to
reproductive function
Autosomal genes
Epigenetic modifications

Sexual hormones

E. Heard, March 612023

Sex modifies
behaviour

Environment
modifies biology

through lifestyle
and epigenetics

Gender (sociocultural factors)

Gender dimensions:

e Gender roles

* Gender relations

* |nstitutionalized
gender

e Gender identity

Sociocultural factors:

* Sociocultural attributes
assigned or self-assigned

e Lifestyle
(nutrition, physical activity)

* Environmental (toxins)

* Social environment
(such as the health-care system)
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Sexual Dimorphism and Sexual Selection |Seealso COURS|, 2018

In “The Descent of Man, and Selection in Relation to Sex” (1871) Darwin described in detail the mechanism of sexual selection

He described this form of selection as being based on the advantages some individuals have over others of the same species and
sex, exclusively when it came to reproduction.

He also suggested that it involved two processes: male-male competition and female choice. This theory is used to explain
phenomena like sexual dimorphism —when each sex of a species looks distinctly different —and other differences between the sexes
like behaviour.

Darwin attempted to distinguish between the sexes, describing females as being more choosy and passive than males when it comes

to mate choice, and that ‘exceptions’ to this were rare.
These differences in behaviour were believed to explain the development of characteristics that increase the reproductive success of

males such as body size, behaviour and ornamentation- to attract females



Sexual Dimorphism and Sexual Selection

Mate choice, sexual selection, and what Darwin didn’t see....

SEXUAL SELECTION

Sexual selection and the ascent of women:

Mate choice research since Darwin Cells of an Or ganisms also have a Sex:

Gil G. Rosenthal* and Michael J. Ryan" * Biological differences between the sexes are also at the
biochemical and cellular levels.

* The genetic and molecular bases of a number of sex-
based differences in health and human disease, are

Rosenthal et al., Science 375, 281 (2022) 21 January 2022
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Sexual Dimorphism and Sexual Selection

Mate choice, sexual selection, and what Darwin didn’t see....

SEXUAL SELECTION
Sexual selection and the ascent of women:
Mate choice research since Darwin

Gil G. Rosenthal* and Michael J. Ryan*

Cells of an Organisms also have a Sex due to sex
chromosome and hormonal influences:

Sex biases in
transcriptional regulation

Sex biases in biological
processes and pathways

Rosenthal et al., Science 375, 281 (2022)

21 January 2022
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Fig. 1. Analogous mate-choice mechanisms in a flowering plant, an insect, and a mammal. Sensory
periphery for stimulus detection (yellow), brain for perceptual integration and evaluation (orange), and
reproductive structures for postmating choice among pollen or sperm (teal).
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Biomedical science has shown a strong sex bias and blindness to sex

“How do we know that research that's primarily done on
young, White, healthy males can be extrapolated to

women?”
President of the Society for Women's Health Research in Washington, DC,
USA, in 2011.

Scientific funding bodies, researchers, and journals have
dramatically stepped up their commitments to including
sex as a variable in biological research.

Are we sure that sex really is so significant in all aspects of
health research?

What evidence do we have that the biological differences
between men and women are profound even in the areas
in which our anatomies are similar?

Why the preoccupation with Sex? Angela Saini. Perspectives|The
art of medicine Volume 400; 10364, 1674-1675, 2022
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82 Scleutific American, Septosber 2017

NOT JUST
FOR MEN

Researchers and doctors must dig deeper into
gender differences before they can provide
women with better treatments

N JANUARY 2013 THE U.S. FOOD AND DRUG ADMINISTRATION CUT THE
reconmen dose of th ation’s most p 1} » drug,
Ambien, f for wo

mined that 15 percent of the 5.
zolpidem products (the active ingredient in Ambien) were experi
encing driving impairment eight hours after taking the drug.

¢ had deter-
7 million American women using

compared with 3 percent of t

he 3.5 million male zolpidem users.

£ 2017 Scientific American
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Summary of Recommendations
Recommendations for Research

e Promote research on sex at the cellular level.

e Study sex differences from womb to tomb.

e Mine cross-species information.

e Investigate natural variations.

e Expand research on sex differences in brain organization and function.

* Monitor sex differences and similarities for all human diseases that affect both
sexes.

Recommendations for Addressing Barriers to Progress

e Clarify use of the terms sex and gender.

e Support and conduct additional research on sex differences.

e Make sex-specific data more readily available.

* Determine and disclose the sex of origin of biological research materials.

e Conduct and construct longitudinal studies so that the results can be analyzed
by sex.

e |dentify the endocrine status of research subjects.

e Encourage and support interdisciplinary research on sex differences.

* Reduce the potential for discrimination based on identified sex differences.
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Sex Bias in Disease

E. He

Female bias

Male bias

Autoimmune diseases

Infectious diseases

Non-reproductive

cancers
* Graves disease * HIV * Ebola * Bladder
® Hashimoto thyroiditis  *® Influenza e MERS * Bowel
* Multiple sclerosis * Toxoplasmosis  ® Hepatitis B ¢ Kidney
® Rheumatoid arthritis ¢ | egionella ¢ Tuberculosis ¢ | eukaemia
* Systemic lupus * Malaria ¢ Leptospirosis * Liver
erythematosis e Zika e Campylobacter  ® lLung

* Type 1 diabetes

e Schistosomiasis

* Malignant melanoma

To achieve effective treatment for all individuals in the era of precision medicine:
Men and women will have to be treated differently,
in order to be protected equally.

guidelines ad

Most clinical
adjusted for |

Personalized ga\fh\

disease: sex ( "%
infectious ani v

Childhood/
pre-puberty

(e
N

Post-puberty/
adulthood

drug trials

were typically

treatment of
\une responses,

Old age



Sexual Dimorphism and Human Health

Cancer

Overall, cancer kills more men than women, but averages mask important sex differences in
specific types of cancer. Recognizing disparities could prevent doctors from overlooking or
misdiagnosing symptoms.

Women have a higher risk than men of developing right-sided colon cancer, a more
aggressive killer than left-sided colon cancer. Diagnosis in women also tends to be more
delayed.

More men than women die from lung, colon, kidney and liver cancer. But overall cancer risk is
higher for women under age 50.

Being taller is a risk factor for many cancers in both men and women and may account for one
third of the greater total cancer risk in men.

Side effects from fluorouracil, a common chemotherapy drug, are significantly worse in
women, so are effects from many other cancer drugs.

E. Heard, March 612023

Cancer incidence
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Sexual Dimorphism and Human Health

Osteoporosis

Sex and gender differences work both ways. White
women are twice as likely as white men to have
osteoporosis—fragile-bone—but the risk of death
from fractures is 50 percent greater for men,

Women undergo about two thirds of all knee
replacements, but there is no evidence that

“gender specific” knees, marketed by manufacturers,

improve outcomes. Overemphasizing gender
differences can be a problem.

E. Heard, March 612023

Prevalence of Osteoporosis
(percent of U.S. residents aged 50
and up, 2010)
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Sexual Dimorphism and Human Health

Autoimmune Disease

Certain thyroid autoimmune ilinesses such as
Hashimoto's disease and Graves' disease are 7 to
10 times higher in women; so is lupus.

Rheumatoid arthritis, multiple sclerosis and
scleroderma are at least 2 to 3 times higher in
women.

More women than men are infected by herpes
simplex virus 2.

E. Heard, March 612023

Prevalence of Multiple Sclerosis

(cases per 100,000 people, 2015)
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Sexual Dimorphism and Human Health

The Brain

Deaths from Alzheimer's Disease

n ) . (age-adjusted deaths in U.S
Twice as many women as men are diagnosed with per 100,000 people, 2014)

anxiety or depression.
15 30

Almost two thirds of Americans with Alzheimer's
Disease are women. Women
Asian or Pacific Islander

I’:’
ga

The APOE4 gene is more strongly linked to the

disease in women. X and Y chromosomes may . '
also play a role. Native American or Alaska Native

The number of older U.S. women dying of
Alzheimer’s is now greater than all U.S. women
who die of breast cancer.

Hispanic*

Black

White

*Includes Hispanic black and
Hispanic white

(s,

.
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Sexual Dimorphism and Human Health

The Heart

Heart complications often take different forms in women and men. Heart failure in women is
more likely to result from left ventricle walls that stiffen and thicken (illustration). Among
electrical problems, an irregular heartbeat is more common in men, while rapid heartbeat is
more common in women—and certain drugs can make the condition life-threatening. Heart
valve diseases vary, too. Blood clotting is greater in women, which can affect treatments; that
trait may have evolved to prevent excess blood loss during childbirth.

a Sex-related and gender-related
risk factors for CVD

Sex

» Genetics

* Epigenetics

* Sex hormones o

* Gene-hormone « /| /[
interaction \

Gender
¢ Societal stress
e Lifestyle
e Communication
= Access to health care
and management
E.T e Psychological traits

b Imbalance of prognostic factors for CVD

Sex-related factors

Protective

* Lower prevalence
of atherosclerosis
in women aged

Gender-related factors <75 years
Adverse * More favpurable
* High prevalence of myocard-_al
stress-induced CVD i'_eomz‘rj:l:;nga -
° i L W V.
Pathophysiology soiatly

understudied

* Undertreatment by
male physicans

* Medical therapies not
optimized

e Less invasive and ICU
treatment

* Lack of specific
prevention strategies

* Poor HRQoL

* Lower prevalence
of cardiovascular
risk factors

Sex-related factors

Adverse

* Higher prevalence
of atherosclerosis
in men aged <75
years

» Unfavourable
ventricular
remodelling

* Higher prevalence
of HFrEF

* Higher prevalence
of cardiovascular
risk factors

The genetic and hormonal differences between females and males
allow for the female cardiovascular system to adapt to changes
necessary to sustain a viable foetus, including increases in blood
volume, autonomic regulation of blood pressure, and cardiac
dynamics, i.e. general cardiovascular function.

Gender-related factors

Protective

* Pathophysiology of
CAD and HF well
studied

* Medical and invasive
treatment well
adapted




Sexual Dimorphism and Human Health

The Heart

Heart complications often take different forms in women and men. Heart failure in women is Cardiovascular and Circulatory Disease

more likely to result from left ventricle walls that stiffen and thicken (illustration). Among (cases per 100,000 people in U.S., 2015)
electrical problems, an irregular heartbeat is more common in men, while rapid heartbeat is Prevalence Deaths
more common in women—and certain drugs can make the condition life-threatening. Heart

valve diseases vary, too. Blood clotting is greater in women, which can affect treatments; that Peripheral artery

— 2,500

trait may have evolved to prevent excess blood loss during childbirth, disease
Women (@, solid lines)
|
Atrial fibriliation Men (@, dashed lines) o
and flutter
— 2,000
é 150
Left trich Women and men
PRV have different rates
of certain conditions,
notably ischemic heart — 1,500
disease—insufficient - 100
Normal Pressure overload blood supply to the
heart because of nar-
Women adapt differently than TOWhg Aitenes. Lout) — 1.000
rates are often similar. ’
men to a condition called pressure
overioad. Female heart walls tend to 50

get thicker, decreasing the ability of
blood to enter the left ventricle. Male
heart walls get thinner, weakening
pumping power

Cerebrovascular disease

Hypertensive a [~ 300
heart disease

Cardiomyopathy 0
and myocarditis ———9@~==
0 Enlargement
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Sexual Dimorphism and Human Health

Ageing

Overview of the most significant sex differences in age-related diseases, functioning and frailty.

@ Hearing
Hearing loss more common
in men than in women

Ischemic
heart disease

Higher incidence and
death rates in men

Cardiac functions

Decline in myocytes and
systolic function greater in men

Cancers in trachea,
lung and bronchus
Higher incidence and death
rates in men

Colon and rectum cancer
Higher incidence and
death rates in men

(O Prostate cancer
Cause of death in older men

Abbreviations: AD, Alzheimer’s disease; COPD, chronic obstructive pulmonary disease.
Hagg and Jylhava. elife 2021;10:€63425. DOI: https://doi.org/10.7554/eLife.63425
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@ Stroke

Higher incidence and death
rates in men in early
adulthood and in women
in later life

Cognition
Men generally perform
better in visuospatial ability
and women in verbal ability.
Literature not consistent.

» Diabetes
Higher incidence in
women in youth and in
men in midlife

Frailty

Higher levels and
prevalence in women but
greater risk of mortality
in men at any given level
of frailty

Bone health

Women have a greater
reduction in bone mineral
density after menopause,
whereas men have a
steady decline across life

AD and other

dementias
Higher incidence and

death rates in women

@ Vision
More visual impairments in women

Hypertensive

heart disease

Higher incidence and
death rates in women

COPD
Higher incidence
and death rates in women

Lungs
é 53 Worse respiratory
function in women

Kidney diseases
Higher incidence and
death rates in women

< Muscle
Lower strength and
physical performance in women
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Sexual Dimorphism and Human Health

Infectious Disease
COVID-19 French data / Données francaises
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Sexual Dimorphism and Human Health

Infectious Disease

Considering how biological sex
impacts immune responses and

COVID-19 outcomes

Eileen P. Scully, Jenna Haverfield, Rebecca L. Ursin®, Cara Tannenbaum and

Sabra L. Klein

Virus entry
SARS-CoV-2

Virus sensing/
early antiviral response

— @

Innate immune response Adaptive immune response

Antibody

52
20 =< ©

Neutrophil  Monocyte

Macrophage  NK cell

ACE2 * TLR7 X-linked with blallelic
* X-dinked expression in females
* Downregulated by oestrogens * Increased IFNa from pDCs
* Sex differential impact of in resporse to TLR7

ACE2 varlants in hypertension stimulation

* pDC responses are sex

TMPRSS2 hormone regulared
* Androgen requlated in

prostate cells

* Sex differences in cytokine r‘ B cell activity and adaptive
et eheniok %,

pr with age in males
and. ph 4 Antibody response to HINL
in influenza vaccine in male mice

* Sex differential gene T Somatic hypermutation. germinal
expression in nnate cell centre formation and epigeneti
subsets accessihility of B cell loci in lemzles

* T cell subset distribution and
activation affected by oestrogens
* Sex-specihc development of

L requlatory T cells

/

Control of infection/
resolution of inflammation

[ Pralonged SARS-CaV-2
shedding in males
| compared with females

Fig. 2 | Known sex differences that may impact immune responses to

o Progressive infection/

cytokine storm

Tﬁnsk of lower respiratory tracl
infections among males

TSecrotion of inflammatory
cytokines in severe cases,

data not disaggregated by sex

Thcsc malor s(epsculmmaxc either in successful cantrol of infection and

SARS-CoV-2 and COVID-19 progression. An illustrati wry of the
sequence of events in severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection and the assoclated immune responses. Broadly
speaking (from left to right). there are the initial steps of virus entry innate
recognition of the vi th activationof antiviral the recruit-

pregs

ina logical infl
encca that may bz' operative at muluplv points along these pathways are
indicated in the blue boxes, ACE2, angi i ing enzyme 2:HIN1,
HIN1 influenza virus; IFNq, interferon-a; NK, natural killer; pDC, plasmacy-
toid dendritic cell; TLR7, Toll-like receptor 7; TMPRSS2, ransmembrane

b y state, Sex differ-

mentof innate immune cells and induction of Japti P
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P serine 2,

COVID-19 outcomes

a Australia
lran

South Africa
Bangladesh
Pakistan

Thailand

Norway

South Korea
Luxembourg
Ukraine

Finland

Peru

Bosnia

Austria

China

Germany
Colombia

Portugal

Canada

Argentina
Switzerland
Denmark
Dominican Republic
United States (New York City)
Republic of Ireland
Greece
Philippines
Romania
Indonesia

Ecuador

Spain

Mexico

Northern Ireland
Belgium

Sweden

Italy

Netherlands
England

B vt
D Female

90

80

Case fatality rate (%)
B

30 5 0
Case fatality rate (%)

Fig. 1| Comparative analyses of COVID-19 case fatality rates by coun-
try, sex and age. a | COVID-19 case fatality rates (CFRs) for males and
females across 38 countries or regions reporting sex-disaggregated dataon
COVID-19 cases and deaths. CFR was calculated as the total number of
deaths divided by the total number of cases for each sex multiplied by 100.
The male CFR is higher than the female CFRin 37 of the 38 regions, withan
average male CFR 1.7 times greater than the average female CFR
(P<0.0001, Wilcoxon signed rank test). b | Average COVID-19 CFRs for
males and females stratified by age. The data represent 12 countries

ot ) ) SRS ST S S
20 25 30 AR @ o A
® Y S

Age group (years)

S N
D

currently reporting sex- and age-disaggregated data on COVID-19 cases
and deaths (Australia, Columbia, Denmark, Italy, Mexico, Norway, Pakistan,
Philippines, Portugal. Spain, Switzerland and England). The COVID-19CFR
increases for both sexes with advancing age, but males have asignificantly
higher CFR than females at all ages from 30 years (P <0.05, Wilcoxon signed
rank test). The data were obtained from Global Health 50/50 and official
government websites of each respective country on 7 May and 8 May 2020,
For more information on the data source for a specific country, please
contact the corresponding author.
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Sexual Dimorphism and Human Health

Lifespan

Women live longer than men around the world, regardless of culture or socioeconomic status

Life expectancy higher for women in all EU regions

On the occasion of World Children’s Day on 20th November 2022, Eurostat highlights data on life expectancy at birth which is
the average number of years a newborn is expected to live based on current mortality rates across people of all ages.

In 2020, life expectancy of a female newborn in the EU was 83.2 years, 5.7 years higher than for a male newborn (77.5 years).

Data shows that life expectancy is higher for women than for men in every single region of the EU. In 2020, the highest levels of
life expectancy at birth for females were in the French island region of Corse (87.0 years). More generally, newborn girls in

Spanish, French and Italian regions were expected to live longest.

Life expectancy at birth in the EU, 2002-2020

(Years)

84 -
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81+
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Note: The y-axis is broken. 2010, 2011, 2012, 2014, 2015, 2017 and 2019: breaks in series. 2018, 2019 and 2020: estimate, provisional. . . .
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Source: Eurostat (online data code: demo_mlexpec)
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https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:Death
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Lifespan

Women live longer than men around the world, regardless of culture or socioeconomic status

Life expectancy is increasing

Horizontally the chart shows a staggering increase in the proportion of people over 65. From representing only 5 percent of the
population in 1950 to 9 percent today, this cohort is expected to reach 23 percent by 2100. Supporting this population shift will
require profound changes in policies, institutions, and practice.

Vertically , however, the chart tells a different story, highlighting not aging, but longevity. From this perspective, children born
today have much more time ahead of them than past generations. The likelihood of living into old age has increased, as has the
peak of the pyramid, changing what constitutes “old.”

Aginginto the future
;:Z ;)‘;;;gctancy at birth by sex for the world, SDG regions, and selected groups of countries, 1990, 2021 The huge g!obal increase in the number of people over 65 has big implicalions
for the quality of aging and public policy.
Life expectancy at birth (vears) (distribution and projection of world population by sex, 1950-2100)
2021 Age Global age structure
100+ cescnpare
Region Males Females Males Females G Males 90— 3 4 :
World 6L5 665 640 684 738 710 748 798 772 > =
Sub-Saharan Africa 473 512 492 578 616 597 643 69.1 667 » = > Lo '\\\» S
Northern Africa and Western Asia 61.7 67.0 64.3 69.7 748 721 76.0 80.8 783 70~ . : =
Central and Southem Asia 58.1 599 589 659 69.6 67.7 749 794 771 60— z
Eastern and South-Eastern Asia 65.6 70.7 68.1 73.6 79.6 76.5 794 841 817 50
Latin America and the Caribbean 64.6 709 67.7 68.8 758 722 78.1 831 80.6
Australia/New Zealand 73.7 798 76.8 827 85.6 842 854 88.6 87.0 i / : )
Oceania* 60.3 65.5 625 64.6 701 67.1 684 749 716 30 J o - e
Europe and Northern America 69.7 774 736 739 804 77.2 816 86.1 838 0.4
0L
Least developed countries 48.7 51.6 50.1 61.7 66.5 64.1 67.8 735 70.6 |
Landlocked developing Countries 49.0 535 512 61.0 665  63.7 674 734 703 0 %0 2 0 0 40 ) S
tfgﬂ;s:::s::;:l;?:%:t;:shm 634 67.9 65.6 68.0 739 70.8 74.1 80.0 770 Millions of peogle Andrew SCOtt, International

Source: Unied Nations Department of Econamic and Sacial Affairs, World Popelation Division. Monetary Fund March 2020

UN World Population Prospects, 2022
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Lifespan

Women live longer than men around the world, regardless of culture or socioeconomic status

Women live longer than men even during severe
famines and epidemics

Virginia Zarulli*®, Julia A. Barthold Jones™®, Anna Oksuzyan®, Rune Lindahl-Jacobsen®®, Kaare Christensen®®<*,
and James W. Vaupel*>*9-1

*Max Planck Odense Center on the Biodemography of Aging, University of Southern Denmark, DK-5230 Oderse, Denmark; "Department of Public Health,
University of Southermn Denmark, DK-5000 Odernse, Denmark; ‘Max Planck Research Group Gender Gaps in Health and Survival, Max Planck Institute for

DemographicReseardh, 18057 Rostock, Germany; ‘Deputmem of Clinical Genetics, Odense University Hospital, DK-5000 Odense, Denmark; "Depar tment of
Clinical Biohemistry and Pharmaclogy, Odense University Hospital, DK-5000 Odense, Denmark; *Max Planck Institute for Demographic Research, 18057
Rostodk, Germany; and "Duke University Population Research Institute, Duke University, Durham, NC 27708

Contributed by James W. Vaupel November 22, 2017 (sent for review February 6 2017; reviewed by Tommy Bengtsson and Frana Mesle)

Women live longer than men in nearly all populations today.

Some research focuses on the biological origins of the female
advantage; other research stresses the significance of social factors.
We studied male—female survival differences in populations

of slaves and populations exposed to severe famines and epidemics.
We find that even when mortality was very high, women lived longer
on average than men.

Most of the female advantage was due to differences in mortality
among infants: baby girls were able to survive harsh conditions
better than baby boys.

These results support the view that the female survival advantage is
modulated by a complex interaction of

biological environmental and social factors.
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Fig. 1 Survival curves ghaded aresd), life expecancies (solid vestical lines), and ages at which only 5% of a synthetic same-sex ahort would still be alive
(dashed vertical lines) for seven high-mortality populations. For Trinidad, dashed survival curves and vertical lines with asterisks represent estimated upper
bounds. Source: authors' calaulstions based on published data from ref. 25 for Liberia, from ref. 26 for Trinidad, from ref. 28 for Ukraine, from ref. 31 for
ireland, and from the Human Mortality Database fwww.mortality.org) for Sweden and keland.
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Population-wide Analyses of Disease in Men and Women

ARTICLE
oPEN

Population-wide analysis of differences in disease
progression patterns in men and women

Sex-stratified differences found in this systematic analysis of all

diseases and disease co occurrences in the Danish population
using the ICD-10 and Global Burden of Disease terminologies

David Westergaard® !, Pope Moseley!, Freja Karuna Hemmingsen Serup'2, Pierre Baldi® & Seren Brunak’

Sex-stratified medicine is a fundamentally important, yet understudied, facet of modern
medical care. A data-driven model for how to systematically analyze population-wide,
longitudinal differences in hospital admissions between men and women is needed. Here, we
demonstrate a systematic analysis of all diseases and disease co-occurrences in the complete
Danish population using the ICD-10 and Global Burden of Disease terminologies. Incidence
rates of single diagnoses are different for men and women in most cases. The age at first
diagnosis is typically lower for men, compared to women. Men and women share many
disease co-occurrences. However, many sex-associated incongruities not linked directly to
anatomical or genomic differences are also found. Analysis of multi-step trajectories uncover
differences in longitudinal patterns, for example concerning injuries and substance abuse,
cancer, and osteoporosis. The results point towards the need for an increased focus on sex-
stratified medicine to elucidate the origins of the socio-economic and ethological differences.

951,509 diagnosis pairs

R 715,096 pairs occuring in less
than 100 patients removed

4

236,413 dia

~

236,200 dia

~

gnosis pairs

N 213 dagger-asterisk

! pairs removed

gnosis pairs

) 209,015 pairs removed

in pre-screening
L

27,185 diagnosis pairs

&

1677 sex-specific pairs
(275 men, 1402 women)

\

25,508 non-sex specific pairs

Pairs without
directionality and - _/\_ — _/_ _l_ — \_ —
elevated relative risk

removed 148 pairs 835 pairs 9547 pairs 10,380 pairs 12,122 pairs

in men in women

in men in women adjusting for

oy g

2514 pairs

6885 pairs 2660 pairs

unique to men in common unique to women

Fig. 2 Diagnosis co-occurrences found in population-wide data from 6,909,676 patients. 951,509 ICD-10 level 3 diagnosis pairs were found to occur in the
population; of these, a large number were filtered out due to low frequency (N <100), dagger—asterisk combinations, oy due to not passing the crude

estimate of the relative risk. The standard method for calculating a confidence interval was applied
diagnosis pairs remained comprising 1360 unique diagnoses. Of these, 275 pairs involved a male-sgd

E. Heard, March 612023

v iachEisFMN)@E female-specific diagnosis

1530~

E,'j, précQekidz EeGidh. Post-filtering 27,185




Population-wide Analyses of Disease in Men and Women

ARTICLE
oPEN

Population-wide analysis of differences in disease
progression patterns in men and women

David Westergaard® !, Pope Moseley!, Freja Karuna Hemmingsen Serup'2, Pierre Baldi® & Seren Brunak’

Sex-stratified medicine is a fundamentally important, yet understudied, facet of modern
medical care. A data-driven model for how to systematically analyze population-wide,
longitudinal differences in hospital admissions between men and women is needed. Here, we
demonstrate a systematic analysis of all diseases and disease co-occurrences in the complete
Danish population using the ICD-10 and Global Burden of Disease terminologies. Incidence
rates of single diagnoses are different for men and women in most cases. The age at first
diagnosis is typically lower for men, compared to women. Men and women share many
disease co-occurrences. However, many sex-associated incongruities not linked directly to
anatomical or genomic differences are also found. Analysis of multi-step trajectories uncover
differences in longitudinal patterns, for example concerning injuries and substance abuse,
cancer, and osteoporosis. The results point towards the need for an increased focus on sex-
stratified medicine to elucidate the origins of the socio-economic and ethological differences.

E. Heard, March 612023
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Sexual Dimorphism and Human Health
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Sex Differences in Biological Aging

Why do women live longer than men?
Are there sex differences in aging-related diseases?

iy 6 Sex-chromosomes% -
il “& | ™

Sex differences in biological aging with a
focus on human studies
Sara Hagg*, Juulia Jylhava

Department of Medical Epidemiology and Biostatistics, Karolinska Institutet,
Stockholm, Sweden

Abstract Aging is a complex biological process characterized by hallmark features accumulating
over the life course, shaping the individual’s aging trajectory and subsequent disease risks. There is
substantial individual variability in the aging process between men and women. In general, women
live longer than men, consistent with lower biological ages as assessed by molecular biomarkers,
but there is a paradox. Women are frailer and have worse health at the end of life, while men still
perform better in physical function examinations. Moreover, many age-related diseases show sex-
specific patterns. In this review, we aim to summarize the current knowledge on sexual dimorphism
in human studies, with support from animal research, on biological aging and illnesses. We also
attempt to place it in the context of the theories of aging, as well as discuss the explanations for
the sex differences, for example, the sex-chromosome linked mechanisms and hormonally driven
differences.

E. Heard, March 612023
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Biological Sex and Gender — Example of Cardiovascular Disease

Cardiovascular disease (CVD) has been and continues to be the leading cause of death in women in most developed
countries, with coronary heart disease (CHD) being the main contributor in both sexes

Sex differences in hypertension.
Do we need a sex-specific
guideline?

Renata Cifkova™“* and Larysa Strilchuk™*

Hypertension is the most prevalent cardiovascular disorder and the leading
cause of death worldwide in both sexes. The prevalence of hypertension
is lower in premenopausal women than in men of the same age, but
sharply increases after the menopause, resulting in higher rates in women
aged 65 and older. Awareness, treatment, and control of hypertension are
better in women. A sex-pooled analysis from 4 community-based cohort
studies found increasing cardiovascular risk beginning at lower systolic blood
pressure thresholds for women than men. Hormonal changes after the
menopause play a substantial role in the pathophysiology of hypertension in
postmenopausal women. Female-specific causes of hypertension such as the
use of contraceptive agents and assisted reproductive technologies have been
identified. Hypertensive disorders in pregnancy are associated with increased
risk of maternal, fetal, and neonatal morbidity and mortality, as well as with a
greater risk of developing cardiovascular disease later in life. Hypertension-
mediated organ damage was found to be more prevalent in women, thus
increasing the cardiovascular risk. Sex differences in pharmacokinetics have
been observed, but their clinical implications are still a matter of debate. There
are currently no sufficient data to support sex-based differences in the efficacy
of antihypertensive treatment. Adverse drug reactions are more frequently
reported in women. Women are still underrepresented in large clinical trials
in hypertension, and not all of them report sex-specific results. Therefore, it
is of utmost importance to oblige scientists to include women in clinical trials
and to consider sex as a biological variable.

E. Heard, March 612023
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Biological Sex and Gender — Example of Cardiovascular Disease

Despite the growing evidence of importance of gender and
biological sex in heart diseases, the distinct contributions of
biological sex and the sociocultural dimension of gender to the
manifestations and outcomes of ischaemic heart disease and
heart failure remain unknown.

Disentangling sex-based differences in genetic and hormonal
mechanisms with the complex dimension of gender and its
different components and determinants that result in different
disease phenotypes is challenging. The relative contribution of
purely biological factors, such as genes and hormones, to

cardiovascular phenotypes and outcomes is not yet understood.

Increasing awareness of the effects of gender has led to efforts
to measure gender in retrospective and prospective clinical
studies and the development of gender scores. However, the
synergistic or opposing effects of sex and gender on
cardiovascular traits and on ischaemic heart disease and heart
failure mechanisms have not yet been systematically described.

Furthermore, specific considerations of sex-related and gender-
related factors in gender dysphoria or in heart— brain
interactions and their association with cardiovascular disease

are still lacking
E. Heard, March 62023

 Sex-related and gender-related factors often have opposite effects
on the clinical manifestations and outcomes of cardiovascular disease.
* Some sex-related differences in the human cardiovascular system
already exist at birth and are due to purely biological mechanisms,
that is, genes and sex hormones.

NSRS SOOI RN T he Arnold laboratory pioneered the

development of mouse models capable of studying
differential effects of XX and XY genomes independently of
gonadal effects, examined sex differences in the biology of
cardiovascular risk factors. The sex chromosome complement
affects bodyweight and adiposity, independent of hormones
and sometimes in opposition to gonadal sex. These results
support the need for study of hormones and sex
chromosome genes as separate components of biological sex,
as independent targets for future therapies.

Arnold AP, Cassis LA, Eghbali M, Reue K, Sandberg K: Sex hormones and sex chromosomes cause sex
differences in the development of cardiovascular diseases. Arterioscler Thromb Vasc Biol 2017, 37:746-756.

Regitz-Zagrosek and Gebhard, Nature Reviews Cardiology, 2022
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Sex and gender: modifiers of health, disease, and medicine

Striking sex-based differences in the epidemiology, clinical manifestations, course, and therapy of disease have
been acknowledged for years. Although very few of these differences are understood in molecular or cellular
terms, the explanations must derive from the fundamental biologic differences between the sexes.

Males and females have different patterns of illness and different life spans, raising questions about the
relative roles of biology and environment in these disparities.

Dissimilar exposures, susceptibilities, and responses to initiating agents and differences in energy storage and
metabolism result in variable responses to pharmacological agents and the initiation and manifestation of
diseases such as obesity, autoimmune disorders, and coronary heart disease, to name a few.

Understanding the bases of these sex-based differences is important to developing new approaches to
prevention, diagnosis, and treatment.

Monitor sex differences and similarities for all human diseases that affect both sexes.

Investigators should
e consider sex as a biological variable in all biomedical and health- related research; and
e design studies that will
—control for exposure, susceptibility, metabolism, physiology (cycles), and immune response variables;
—consider how ethical concerns (e.g., risk of fetal injury) constrain study designs and affect outcomes; and
—detect sex differences across the life span.
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Sex and gender: modifiers of health, disease, and medicine

What clinicians know about the diagnosis, treatment, and prevention of disease originates from studies mostly done on
male cells, male mice, and men.

Historically, for multiple reasons, including the purported safety of women and their offspring, women of childbearing age
were excluded from clinical trials. As a result, medical research and care have been centred on male physiology.

The assumption was that male and female cells and animals were biologically identical, and evidence-based medicine was
defined by clinical trials done predominantly in men.

In 1993, the US National Institutes of Health (NIH) mandated the inclusion of women in NIH-funded clinical trials, but many
investigators did not follow this mandate, and many of those who did include women did not analyse the results by sex,
minimising the effectiveness of this policy.

Preclinical research and drug development studies have also predominantly used male animal models and cells. It is not
surprising that a 2001 US Government Accountability Office report found that eight of the ten prescription drugs withdrawn
from the market between 1997 and 2000 “posed greater health risks for women than for men”. Most funding agencies from
Europe and North America have implemented policies to support and mandate researchers to consider sex and gender at all
levels of medical research.

Still, the field of sex-based biology and medicine is often viewed as a specialised area of interest, rather than a central
consideration in medical research. Essential for the success of clinical care and translational science is awareness by
clinicians and researchers that the diseases they are treating and studying are characterised by differences between women

and men in epidemiology, pathophysiology, clinical manifestations, psychological effects, disease progression, and response
to treatment.
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Biais liés au sexe : comment distinguer les effets dus aux
chromosomes sexuels, hormones ou mode de vie ?
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